Phytophthora cinnamomi is one of the most important plant pathogens in the world, causing root rot in 19 more than a thousand plant species. This observational study was carried out on a P. cinnamomi infected 20 heathland of Erica umbellata used as goat pasture. The patterns and shapes of disease foci and their 21 distribution were described in a spatial and temporal context using an aerial photograph record. A set of 22 35 epidemiology of this soil-borne pathogen. 36 37 Key words: epidemiology; Erica umbellata; disease spatial pattern; topography 38 39 -3 -65 features could emerge [16, 17]. For example, a shorter distance to the forest edge resulted in an increased 66 mortality risk associated with the sudden oak death disease that Phytophthora ramorum caused in 67 California [18]. Working at a landscape scale, Keith et al. [19] recognized the effect of distribution and 68 abundance of susceptible host plants on P. cinnamomi location patterns. In Iberia, Moreira and Martins 69 -4 -[20] and Costa et al. [21] highlighted the role of the presence of shrubs in oak decline. At this level of 70 spatial hierarchy, human and vehicular traffic [22] as well as the movement of domestic and wild animals 71 [22, 23, 24; 25] have been identified as propagule vectors. 72 73 At a stand scale, which is usually the most relevant to disease managers, P. cinnamomi is able to use 74 several mechanisms of dispersal: soil spread, root to root contact, water transport and dispersal by humans 75 and animals [11, 26, 28]. Nevertheless, the observation and understanding of dispersal mechanisms at 76 play in a given site is not easy because the precise location of inoculum sources, transport paths and sinks 77 is hard to determine. In the Bassendean Dune ecosystems of Western Australia, observation of infected 78 Banksia woodlands by aerial photographs revealed a slow rate (about 1 m/year) pattern of disease spread.
topographic traits was selected on the basis of a disease dynamic hypothesis and their effects on observed 23 spatial disease patterns were analyzed. Incipient infections situated in flat terrain expanded as compact 24 circular front patterns with a low growth rate. On slopes, disease patches developed more rapidly down 25 slope, forming parabolic shapes. The axis direction of the parabolas was highly correlated with terrain 26 aspect, while the parabolic amplitude was associated with land curvature and slope. New secondary foci 27 appeared over the years producing an accelerated increase of the affected surface. These new foci were 28 observed in sites where disease density was higher or near sites more frequently visited by animals such 29 as the stable or the forage crop. In contrast, a smaller number of disease foci occur in areas which 30 animals are reluctant to visit, such as where they have a short range of vision. Our results suggest that 1) 31 the growth of existing P. cinnamomi foci is controlled by a combination of root-to-root contact and water 32 flows, 2) the increase in the diseased area arises mainly from the multiplication of patches, 3) the 33 formation of new foci is mediated by long-distance transport due to the movement of animals and humans 34 along certain preferential pathways, and 4) geomorphology and topography traits are associated with the Introduction 40 Many forest and agricultural ecosystems exposed to the impacts of one of the world's most invasive 41 species, Phytophthora cinnamomi [1] . Phytophthora cinnamomi is a widespread soil-borne pathogen that 42 infects more than one thousand woody species, causing root rot and especially impacting countries with 43 Mediterranean climate [2] . This plant disease has been reported as the causal agent of the Phytophthora 44 dieback epidemic in the jarrah (Eucalyptus marginata) forest of south-western Australia [3] , and of the 45 massive decline of cork and holm oak in south-western Europe [4, 5] . It is also involved in diseases 46 affecting fynbos vegetation in the Cape region of South Africa [6] and oak in California [7] .
47
Phytophthora cinnamomi causes major losses to other forest systems such as chestnuts [8, 9] and 48 horticultural trees such as avocados [10] .
50
To gain knowledge for disease management, spatial analysis of dispersal patterns can provide information 51 on inoculum sources, transport, release mechanisms and disease-conducive environments. Ultimately, 52 spatial patterns of plant disease invasion are the consequence of the effects of environmental forces on 53 dispersal processes [11] . Therefore, studies on pathogen or disease distribution contribute to identifying 54 key epidemiological factors and predicting future disease scenarios by modelling. However, the insights 55 obtained are strongly dependent on the specific spatial scale, since the choice of scale may limit our 56 ability to understand certain aspects of the epidemic, but also facilitate the interpretation of other features 57 [12] . Prior to the present work, global-and regional-scale distribution models have been employed to map 58 current and future potential ranges of P. cinnamomi. Models at these scales are invaluable to assess not 59 only the impact of future climate scenarios [2] on the risk occurrence of this disease, but also the 60 combined effects of major factors in this context, such as soil humidity and temperature [13, 14] .
61
Additionally, analysis at these scales has revealed the importance of Phytophthora dispersal paths such as 135 Thompson et al. [14] adopted this approach to address multiple pathways by which climate (soil humidity 136 and temperature) can constrain the dispersal range of Phytophthora cinnamomi at a regional scale. 137 138 Such models are ideal cause-effect simulators; however, identification, understanding and simplification 139 of the real processes involved are required in order to obtain a tractable system that can be solved 140 analytically or numerically. Therefore, a first step prior to the development of more sophisticated models 141 is the use of non-mechanistic models to gain some preliminary insights and to develop an intuition for the 142 behaviour of the system at hand. In this case, several snapshots reflecting the development of the 143 infectious disease are used to extract spatial data of the progress of the disease that are subsequently 144 related to environmental variables by parametric or non-parametric methods [ To confirm that P. cinnamomi was not extensively present outside diseased patches and the symptomatic 217 heath was a reliable proxy for the spread of the pathogen, a survey was conducted. In this survey, a total 218 of 18 samples were collected along three horizontal transects radiating outward from the patch centres.
219
Six soil samples were collected per transect: two (50 cm apart) in the bare ground of the patch core, two 220 (20 cm apart) in the disease front with dead and symptomatic heaths and two more just outside (50 cm m  e  t  r  i  c  c  a  m  e  r  a  C  o  l  o  u  r  ,  R  G  B  1  :  3  0  ,  0  0  0  0  .  5  0  m   2  0  0  9  P  N  O  A  D  i  g  i  t  a  l  m  e  t  r  i  c  c  a  m  e  r  a  C  o  l  o  u  r  ,  R  G  B  1  :  3  0  ,  0  0  0  0  .  5  0  m   2  0  1  0  P  N  O  A  D  i  g  i  t  a  l  m  e  t  r  i  c  c  a  m  e  r  a  C  o  l  o  u  r  ,  R  G  B  +  I  R  1  :  1  5  ,  0  0  0  0  .  2  5  m   2  0  1  2  J  u  l  y  P  N  O  A  D  i  g  i  t  a  l  m  e  t  r  i  c  c  a  m  e  r  a  C  o  l  o  u  r  ,  R  G  B  1  :  3  0  ,  0  0  0 
Focus growth patterns 260
In order to estimate the rate of radial growth of individual foci, measurements were taken in small and 261 more developed foci. Small patches were measured in the field and in orthophotos taken in 2010 and 262 2012. At initial stages they were too small to be identified and measured using low spatial and spectral 263 resolution images taken before 2010. An annual average growth rate was estimated in three directions 264 (upslope, downslope and contour) using measurements of 22 of these incipient patches. The shape of the 265 foci was described using aerial imagery and photos taken on the ground. fronts were identified and joined by segments ( Fig. 4 Likewise, since the focus width appeared also to increase downslope (Fig. 3 ), a linear model was used to 291 explore this pattern. In this framework, the horizontal semi-distance between opposite disease fronts ( In shape, small patches (< 3 m width) were circular on flat areas, but elliptical on slopes (Fig. 1) . More 407 developed patches resembled parabolic shapes oriented downslope ( Figs. 1 and 3) . These shapes appeared 408 truncated by drainage lines (Figs. 1 and 2) , that is to say, no progress of the front disease was observed in 409 any case on the opposite shores of streams. In developed patches, a vertex point of maximum curvature 410 located in the upper and narrow part of each focus was evident (Fig. 3) . 
424
As for the direction of prevailing growth, the regression fit (F (1, 125) = 6600, p-value < 0.001) showed that 425 the main direction of the focus expansion followed the terrain aspect ( (Fig. 2) . In the rest of the farm, most IISs originated after 1981 and appeared more disperse and random.
455
Nevertheless, evidence for some clustering can be observed.
457
To analyze the influence of topographic effects on the distribution of foci, fourteen variables were tested 458 individually. Nine of them turned out to be relevant for the probability of a new infection onset during the 459 observation period (Table 5 and Fig. 7 ). As expected, inoculum pressure, described by the number of foci 460 per unit area that already existed prior to the study (foci density), was a relevant parameter. According to 461 this univariate analysis, sites with low visibility (topographic openness OR = 3.37) or steep slopes (OR = 462 0.93) were less prone to disease. In contrast, disease occurrence was more probable on sites close to the 463 forage crop or the goat stable. This analysis also shows that heathland was more prone to disease when 464 located on terrains with higher plan curvature (OR = 1.23), in zones elevated from streams (OR = 1.03) or 465 in sites that received more radiation (OR = 1.03 d  r  o  p  p  i  n  g  n  o  n  s  i  g  n  i  f  i  c  a  n  t  o  r  c  o  r  r  e  l  a  t  e  d  f  a  c  t  o  r  s  ,  t  h  i  s  l  o  g  i  s  t  i  c  m  o  d  e  l  j  u  s  t  i  n  c  l  u  d  e  s  t  h  e  m  i  n  i  m  u  m  n  u  m  b  e  r  o  f   v  a  r  i  a  b  l  e  s  w  i  t  c  h  s  i  g  n  i  f  i  c  a  n  t  l  y  y  i  e  l  d  t  h  e  m  a  x  i  m  u  m  r  e  d  u  c  t  i  o  n  o  f  t  h  e  d  e  v  i  a  n  c  e  .  E  s  t  i  m  a  t  e  s  a  n  d  t  h  e  i  r  s  t  a  n  d  a  r  d   e  r  r  o  r  s  a  r  e  i  n  l  o  g  i  t  s  .  O  d  d  s  r  a  t  i  o  w  a  s  c  a  l  c  u  l  a  t  e  d  f  o  r  t  h  e  f  a  c  t  o  r  s  u  n  i  t  s  w  h  i  c  h  a  r  e  i  n  d  i  c  a  t  e  d  i  n  p  a  r  e  n  t  h  e  s  e 
